Abstract A 250 mm radius bent crystal vacuum spectrometer is described for use in the 0.5-10 nm region. Emphasis has been placed on the use of commercially available high-precision components to reduce machining costs. Scanning can be performed in a continuous or stepby-step mode.
Introduction
In early Johann and Cauchois bent crystal spectrometer mountings (Cauchois 1945 ) the Bragg angle was obtained by simply rotating the whole Rowland circle, with respect to a fixed x-ray source, about the vertical crystal axis. A photographic film or plate was then placed appropriately on the Rowland circle to intercept the reflected radiation.
All sorts of geometrical systems have since been proposed to satisfy the Bragg condition with a scanning detector device but our purpose was to construct an accurate low-cost scanning mechanism whose operation would be of comparable simplicity to that of photographic recording. The spectrometer was to be machined in a laboratory workshop but any parts requiring grinding machine precision had to be selected from manufacturers' standard products.
The spectrometer was intended for soft x-ray measurements and had to function under vacuum.
2 Principle Essentially a means had to be found to displace a slit, behind which would be mounted a proportional counter, along the Rowland circle so as to record the variation in intensity of the reflected x-radiation as a function of wavelength. From the outset it was decided that the mean incidence angle would be set manually before pump-down so as to simplify the design.
In figure 1 , C represents the axis of rotation of the crystal and X is an extended x-ray source placed as close as possible to the crystal. ACB is the tangent to the Rowland circle and to the bent crystal at C. BCX' is the mean glancing angle and CO is a rigid rod perpendicular to ACB of length +R where R is the radius of curvature of the crystal. A slit S is mounted on a rod OS of length +R such that S will describe the Rowland circle about 0. The angle ACS can be selected by varying the distance SC = a. In practice it is important that the plane of the slit DS be kept perpendicular to the reflected radiation at all angles since the detector will be mounted some distance behind the slit. This is achieved by means of the rod DE of variable length maintained parallel to SC. All that is required is that EDS= DEC=90" and that DS=EC.
The spectral range which can be scanned for a given setting of the glancing angle will be limited by the extent of the virtual source on the Rowland circle AI& since we are dealing with Bragg reflection. Bragg's law states that radiation of wavelength X will be reflected by a crystal when nX=2dn sin d n where n is the order of reflection and d, is the lattice spacing of the crystal corrected to account for refraction of the radiation in the crystal. As a = R sin $n this distance is a linear function of the wavelength and a1 This is particularly useful for the rapid identification of emission lines.
3 Constructional details Construction is based on the use of two small goniometer tables of 80 mm diameter. They have ball race mountings and the manufacturer? specifies a maximum eccentricity of 2 pm about the axis of rotation. One table is fixed to the baseplate of the spectrometer tank close to a compact x-ray source (Hague 1971) . It rotates about the C-axis (figure 1). A Duralumin cylinder is machined to take the bent crystal holder and the rigid fixed beam CO and is bolted to the upper face of the table (figure 2). The height of the cylinder could be reduced if a more compact crystal holder were used. In the present design crystal Figure 2 View of spectrometer with x-ray source removed (see also figure 1); 1, crystal holder (centred on C-axis); 2, radial arm OS (rotates about 0); 3, slit and detector baseplate (rotates about S-axis); 4, ball bushing mounting block (placed at E ) to the lower face of the upper goniometer table. It carries two pre-stressed ball bushes (one placed above the plate, the other below) to guide two ground drive shafts (figure 3). For convenience the bushes are brought forward to a point E (figure 1) but they still fulfil the essential condition that the shafts DE shall be guided such that the angle DEC=90". By mounting one end of the shafts perpendicularly to the slit holder at D the other two conditions are satisfied by construction : namely angle SDE= 90" and DS = E C = EC.
As the length D E is varied it will be seen that the drive plate rotates about C and, indeed, if correctly set up when angle ACE=O" the upper goniometer table will give a direct reading of the Bragg angle.
A scan over only a relatively small range is required since the extent of the x-ray source is limited. It is achieved by a stepping-motor-driven screw of the standard micrometer type. The micrometer can be locked on to the drive shafts by a connecting piece. The shafts can be displaced in this way by 25 mm in 5 pm steps. It follows from equation (1) that
bending blocks already in use had to be accommodated for. The maximum misalignment of the crystal axis and that of the goniometer table are estimated to be f 20 pm.
The second table is also centred on the C-axis but is suspended by its upper face from the fixed beam. The upper faces of the two tables are thus rigidly connected but the whole system can rotate with respect to the spectrometer baseplate so as to select the glancing angle. The lower face of the upper table is left to rotate freely.
The arm OS carries precision bearings at 0 and S so that the slit holder can rotate about S and also describe the Rowland circle about 0. The radius of curvature of the crystal being 250 mm, CO = OS = 125 f 0.02 mm.
The drive mechanism is supported by a plate which is bolted 4 Procedure The mean glancing angle is read from the lower goniometer scale. The nut on the micrometer screw is set to its halfway position and with the drive shafts unlocked the mean reflection angle is set to within -12' on the upper goniometer scale by manually displacing the slit holder. The displacement of the nut is recorded incrementally on a bidirectional counter and can be varied between preset limits determined by thumbwheel switches. The signal from the Ar-CH4 gas flow proportional counter can either be fed to a linear ratemeter and a y-t chart recorder in a continuous-scan mode, or the data can be accumulated, at successive intervals of preset length, on a scaler or multichannel analyser. Figure 3 View of the drive mechanism: C, crystal axis; 0, S, pivot points; 1, upper drive shaft; 2, ball bushing; 3, micrometer nut-to-drive shaft connecting piece; 4, stepping motor; 5, water-cooling circuit; 6, micrometer screw; 7, two-to-one reduction gear; 8, drive plate; 9, proportional counter A simple bent crystal x-ray scanning spectrometer 5 Performance Intrinsic defects, such as the crystal diffraction pattern and defocusing due to crystal height and width, limit the resolving power of the spectrometer (Cauchois and Bonnelle 1975) . The mechanical precision was sufficient to render other geometrical defects negligible. The main mechanical difficulty lies in the alignment of the rigid arm perpendicular to the tangent to the crystal axis. Misalignment would mean that the slit would not sweep the true Rowland circle. Standard optical alignment procedure ensured that the arm was perpendicular to the crystal tangent to within k 3'.
Other factors which influence the performance are the degree to which a reflection angle setting can be reproduced and the size of the smallest incremental step. The values, defined in terms of wavelength, will of course depend on the wavelength of the radiation and the crystal lattice spacing and are best given in terms of hjhh (or EIAE). An error in the setting of the upper goniometer is given by the expression thus a 2' deviation in a setting at 45" gives h i h h s lo3. This is insufficient for accurate wavelength determination unless a reference line lies within the scanning range. However, shifts in x-ray emissions can be detected precisely if the drive shafts are not unlocked between experiments.
The expression for the drive shaft displacement is
With n= 1 and XEd,, a 5 pm step leads to a value of h/Ah > lo4, This is sufficient since in the soft x-ray region the resolving power is limited to at best 103 by the crystal.
Conclusion
This spectrometer of simple construction has already given satisfactory results in studies on emissions in transition metals and alloys (Hague et al 1976) . For such experiments the continuous-scanning mode provides reliable, easily normalized recordings. It is also quite suitable for step-by-step accumulation of data as present experiments using fluorescence excited emissions show.
Introduction
Transmission secondary emission (TSE) exhibiting a very high yield has been measured on wafers of single-crystal silicon having surfaces treated with caesium and oxygen to produce negative electron affinity (NEA) (Martinelli 1970b) . The potential usefulness of this discovery will depend to a large extent on the statistics of the secondary yield and in general a narrow dispersion about the mean value would be desirable in most applications. A convenient measure of the width of the distribution curve is the Fano factor (Fano 1947), defined as the ratio of the variance a 2 to the mean value I t ; that is, F= 02iri.
Experiments to examine the statistics of TSE from thin layers ofpotassiumchloride have been reported by Wilcock (1966) and Wilcock and Miller (1969) ; the present authors originally intended to apply similar methods to the study of silicon. It was soon found that more sophisticated vacuum techniques were required to process and maintain conditions of negative electron affinity. Furthermore, the necessity for a hightemperature bake of the apparatus and the use of caesium vapour in the activation process made the use of p-i-njunction-type detectors difficult, if not impossible. Eventually it was decided to use the classical scintillation techniques with a short-persistence phosphor screen as the conversion element.
The silicon samples were available in the form of etchthinned slices of (100) boron-doped p-type material of various thicknesses in the range 5-10 pm and of resistivity between 0.01 and 0.05 !2 cm. All measurements were made with a primary beam energy of 20 keV.
Experimental method
All the experiments were carried out in a conventional stainless steel ultrahigh-vacuum system which could be baked at
